Defective particles were the major product after undiluted passage of certain temperature-sensitive (ts) mutants of the Indiana C strain of vesicular stomatitis virus in BHK-21 cells at the permissive temperature (31 C). Essentially homogeneous preparations of defective particles were obtained with the wild-type and individual ts mutants. The defective particles associated with some of the ts mutants, however, were morphologically and physically distinguishable from wild type and from each other. All varieties of defective particle interfered with the multiplication of mutant and wild-type virus at the permissive temperature at early times of infection but failed to complement virions of different complementation groups at the restrictive temperature (39 C) at any time during infection.
Defective particles were the major product after undiluted passage of certain temperature-sensitive (ts) mutants of the Indiana C strain of vesicular stomatitis virus in BHK-21 cells at the permissive temperature (31 C). Essentially homogeneous preparations of defective particles were obtained with the wild-type and individual ts mutants. The defective particles associated with some of the ts mutants, however, were morphologically and physically distinguishable from wild type and from each other. All varieties of defective particle interfered with the multiplication of mutant and wild-type virus at the permissive temperature at early times of infection but failed to complement virions of different complementation groups at the restrictive temperature (39 C) at any time during infection.
The role of defective particles in virus multiplication is poorly understood in spite of their relatively frequent occurrence (8) . Their ability to interfere specifically with the multiplication of the homologous virion suggests that they may be important factors in the regulation of virus synthesis. Regulation could be achieved by the preferential expression of certain parts of the viral genome, which would be incorporated in the defective particle. The observation that the nucleic acid of defective particles is smaller than the virion nucleic acid would be consistent with this interpretation.
Although many animal viruses produce defective particles, the T (or truncated) particles of vesicular stomatitis virus (VSV) have been extensively studied with respect to their biological and physical properties (2, 3, 5, 6, (8) (9) (10) (11) .
The recent availability of temperature-sensitive (ts) mutants in our laboratory (16) derived from the Indiana C strain of VSV and were propagated in BHK-21 clone 13 cells (13) . Their origin and classification into four complementation groups have been described previously (16, 17 (19) . The latter was a gift from D. A. Ritchie. The location of the RNA was established by collecting drops on glass-fiber filters which, after evaporation at 50 C, were suspended in a toluene-2, 5-diphenyloxazole (PPO)-1,4-bis-2-(5 -phenyloxazolyl) -benzene (POPOP) liquid scintillator and counted in an Intertechnique liquid scintillation counter.
Polyacrylamide gel electrophoresis. The electrophoresis was performed as described in reference 1. The gels were frozen in dry ice and cut into 1-mm slices (The Mickle Laboratory Engineering Co. GelSlicer, Gomshall Surrey, England). The slices were placed on glass-fiber filters soaked with 10% NH40H and kept overnight in a closed chamber saturated with 10% NH40H. The membranes were then dried at 50 C, dropped into vials containing 10 ml of toluene-PPO-POPOP liquid scintillation fluid, and counted in the Intertechnique liquid scintillation counter (model ABAC SL40).
Interference. The ability of the mutant T particle to interfere with the replication of the VSV virion was examined and compared with that of the wild-type T particle. In these experiments, BHK cells were exposed to wild-type or ts mutant virion at a multiplicity of infection of 1 or 10 plaque-forming units (PFU)/cell and subsequently superinfected with the various Tparticle preparations. These preparations of purified T particles contained approximately 1011 particles/ml (determined with the electron microscope) and were used at dilutions of 1:10, 1:100, and 1:1,000, corresponding to a multiplicity of infection of 500, 50, and 5 particles per cell. The experiments were performed at 31 and at 39 C in the case of combinations of wild-type virion and ts mutant T particles. Monolayers of 5 X 106 BHK cells in 30-ml bottles were infected with 1 or 10 PFU/cell of purified virion and absorbed at 31 C. The superinfecting T particles were added after 20 min and allowed to adsorb at 31 C for a further 30 min. The monolayers were washed with three changes of medium and then incubated at either 31 or 39 C totally immersed in a temperaturecontrolled water bath. Incubation was terminated after 8 hr, and the whole culture was rapidly frozen. The samples were stored at -20 C until total infection was assayed by plaque counting.
Complementation. Complementation between different ts mutants of VSV can be detected efficiently by comparing the yield obtained from mixed infections at the restrictive temperature with the sum of the yields from the self infections, corrected for input multiplicity (16, 17) . The possibility of complementation between virions and T particles of different ts mutants was investigated in a like manner. Monolayers of 5 X 106 BHK-21 cells in 30-ml bottles were infected with approximately 10 PFU/cell of an appropriate purified virion preparation. The monolayers were held at room temperature for 30 min for adsorption, before total immersion in a precision water bath at 39 C. Pairs of bottles were superinfected at 0, 60, 120, and 180 min after adsorption with defective T particles (500 particles/cell) from a complementing ts mutant and immediately returned to 39 C. At 240 min after adsorption, all of the monolayers were washed with three changes of warm medium and again incubated at 39 C totally immersed. At 10 hr, the cultures were rapidly frozen and stored at -20 C until total infectivity was assayed by plaque counting. This gives the mixed infection yield. The self-infection yields were obtained from a virion only and a T particle only control series which underwent the same manipulations simultaneously, substituting buffer solution for the omitted T particle or virion as appropriate. Coinplementation is indicated if the mixed infection yield is significantly greater than the sum of the yields of two control series.
RESULTS

Physical properties of VSV T particles and their
RNA. In the course of purifying the T particles of different ts mutants, it was observed that the position of the T-particle zone in sucrose gradients relative to the virion zone exhibited some variation, suggesting differences in T-particle size. Electron micrographs of the characteristic wild-type (ts+) virion and T particle, together with T particles of mutants ts 11, ts 12, and ts 31, are shown in Fig. 1 12 T particle fixed; (e) wild-type virion (B particle); (f) wild-type T particle. Bar = 100 nm. The ts 41 T particle and the ts 22 T particle are not shown because of their identical appearance with the wild-type and ts 11 T particles, respectively. (14) . The defective T particles associated with mutant ts 41 (complementation group IV) are apparently identical to the wild type and these are not illustrated.
RNA from ts 31 T particle was difficult to separate from wild-type T-particle RNA when co-centrifuged in a 5 to 20%0 sucrose gradient.
This was probably due to some heterogeneity of the two preparations and their relative proximity on the gradients. The sedimentation coefficient of ts 31 T-particle RNA was consistently lower when determined in separate centrifugation runs relaitve to marker RNA (Table 1) . Also ts 31 Tparticle RNA and wild-type T-particle RNA had different electrophoretic mobilities in 2.4% polyacrylamide gel electrophoresis. The relative positions of the T-particle RNA species are shown in Fig. 2a (sucrose gradient) and 2b (gel) . The shoulder on the left side of the ts 31 Tparticle RNA in Fig. 2b is probably due to some contamination with higher-molecular-weight RNA from cores.
Interference. All of the T particles were found to have interfering activity, and the results obtained were substantially similar whether the virion input was 1 or 10 PFU/cell. Table 2 contains the data for the morphologically extreme particles obtained from mutants ts 11 and ts 31 at a virion input of 10 PFU/cell. Pronounced interference was observed at both 31 and 39 C and was dependent on the concentration of the superinfecting T particle. Interference was more pronounced at 39 C, due in part to greater resolution achieved as a result of the temperature sensitivity of any ts mutant virion contaminating the T-particle preparations. Additional control experiments were performed in which wild-type infected cells (10 PFU/cell) were superinfected with ts 31 virion at a multiplicity of 500 particles per cell. No interference was observed, confirming that T-particle-mediated interference is a specific effect and not a result of high multiplicity of infection.
Failure to obtain genetic complementation. Preliminary attempts to rescue ts mutant virions by co-infection with T-particle preparations had given negative results (17) . These experiments have been extended to ensure that optimal conditions were obtained for the synthesis of Tparticle RNA and for the expression of any function encoded in it. In these experiments, the T particles (all of which had been shown to be biologically active in the sense that they were capable of inducing auto-interference) were added at various intervals after infection. 2) after 150 min of centrifugation in a Beckman SW 20 rotor at 41,000 rev/ min. Phage T 7 DNA, labeled with 32p, was used as a marker (32S). Arrows indicate the relative positions of the wild-type T-particle RNA and ts 11 T-particle RNA centrifuged on separate gradients. (b) Relative position of ts 31 T-particle RNA in 2.4% polyacrylamide gel after electrophoresis at 4 ma for 3 hr in E buffer (1) . Wildtype T-particle RNA, labeled with 32p, was co-electrophoresed with 3H-uridine-labeled ts 31 T-particle RNA to illustrate the difference in size. ts 31 T particle; and ts 11, ts 12, ts 111, ts 31, ts 33, and ts 41 virions plus wild-type T particles) were tested in like manner, but no evidence of complementation was obtained.
DISCUSSION
The results presented in this communication suggest that the type of T particle found in VSVinfected cells may in some way be a function of the viral genome. The data do not exclude the possibility, however, that the various T particles found in ts mutant infections are all present in very small quantities in the wild-type infection and that the mutant virion influenced only the relative frequencies of their occurrence. The detection of a low level of T-particle heterogeneity would be extremely difficult. For example, in their studies of viral RNA synthesis, Stampfer et al. (18) reported that the RNA from infected cells has a bimodal distribution in the region 15 and 19S. This would effectively mask the presence of small amounts of the ts 31 T particle 15S RNA. Similarly, small amounts of the long ts 11 T-particle 28S RNA would be obscured by the 28S RNA component found by these authors. We have attempted to detect these particles in the wild-type infection by electron microscopic examination of fractions from sucrose gradients. However, the presence of ribonucleoprotein cores with physicochemical properties similar to the small ts 31 particle obscured the possible presence of small quantities of this particle, and the occurrence of partially damaged B particles interfered with the search for small amounts of the long ts 11 T particles. The possibility that the T particles were being selected from an initially heterogeneous T-particle population via single-plaque isolations was eliminated by the reproducible production of the characteristic T particle by single-plaque isolates of the same mutant. Moreover, the properties of the characteristic T particle associated with the wild-type virion which had been propagated from single-plaque isolates were similar to those reported in several laboratories. Indeed, there have been no reports of the presence of T particles in wild-type infections with physical properties similar to those associated with some of these ts-mutants.
The investigation of a relationship between defective T particles derived from ts mutants belonging to the same complementation group yielded negative results. The data in Table 1 show that ts 11 and ts 12, both belonging to complementation group I, produced different defective T particles, whereas the T particle of is 41 (complementation group IV) was indistinguishable from the wild type. However, mutant ts 33, belonging to group III, did give rise to the small T particle obtained with ts 31 (also group III). There is thus no simple correlation between the type of defective T particle produced by a mutant and its complementation group.
The ability of all of the defective T particles isolated from ts mutants to interfere with the replication of wild-type virion was in marked contrast to the failure of defective T particles obtained from serologically different strains to interfere with the heterologous particle (15) . This can be attributed to the direct mutational origin of the ts mutants from the parental wild type. The ability of these defective T particles to Although we expected the long ts 11 and ts 22 T particles to have a greater probability than the short T particles to contain those parts of the viral genome coding for the defective functions, the complementation experiments were all negative. These results may have been due to the absence of the pertinent part of the genome in all of the combinations used. Alternatively, the RNA in defective T particles may correspond to the strand which is not replicated and whose genetic information is not translated. In this connection, we are investigating the multiplication of T particles in cells co-infected with wild-type virion and mutant T particles at the non-permissive temperature.
The long T particle isolated by Petric and Prevec (14) was reported to interfere with the heterologous virion (15) . However, the multiplication of these T particles by the heterologous virion would be difficult to examine because of the possible contamination of the T particle with homologous virion. The availability of the ts 11 and ts 22 long T particles allows a critical test of this possibility, because any contaminating virion can be made temperature-sensitive by incubation at 39 C.
